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INTRODUCTION
Ischemic stroke (IS), the etiology of 80% of all strokes, is a complex and heterogeneous disease with high rates of mortality and long-term disability. Stroke pathogenesis involves a number of different disease processes as well as interactions between environmental, vascular, systemic, genetic, and central nervous system factors 1 .
In recent years, genome-wide association studies (GWAS) have identified many genes robustly associated to IS and its subtypes which show a distinct genetic background, but the underlying genes and pathways are not yet fully understood. Half of the identified genes share a genetic association with other vascular traits; the greatest correlation is with blood pressure. However, the underlying biological pathways do not seem to involve known vascular risk factors and thus the new pathways may constitute new targets for stroke prevention 2 .
The heritability of stroke, as calculated from genome-wide data, has been estimated to be 30-40% [3] [4] [5] . The lead variants at stroke risk loci identified to date explain roughly 1-2% of this heritability and their number remains relatively small compared to other common conditions, such as coronary artery disease 6 . Moreover, most of these leading single nucleotide polymorphisms (SNPs) reside within intergenic or intronic regions, and most are situated within a regulatory sequence marked by DNase I hypersensitivity sites, which would indicate the involvement of an epigenetic mechanism 2, 7, 8 .
DNA methylation (DNAm), an epigenetic mechanism essential for regulation of gene expression, consists of the covalent addition of a methyl group to a cytosine nucleotide, primarily in the context of a CpG dinucleotide. DNAm is dynamic, varies throughout the life course, and its levels are influenced by lifestyle and environmental factors, as well as by genetic variation 9 .
Stroke epigenetics research has revealed that stroke patients are globally hypomethylated and are epigenetically older than healthy controls. This accelerated aging is strongly associated with 3-month IS outcome and mortality, independently of health profile, lifestyle, and genetic characteristics [10] [11] [12] [13] .
We hypothesized that DNA methylation markers would identify additional stroke risk loci and improve the mapping of genomic variability, providing new insights into stroke pathology. The aim of the present study was to detect epigenetic variants associated to IS occurrence and stroke subtypes.
METHODS
The data that support the findings of this study are available from the corresponding author upon reasonable request.
Study design
A two-stage case-control epigenome-wide association study (EWAS) was designed, including discovery and replication analyses. 
Study Sample
European ancestry controls and patients with a diagnosis of IS according to World Health Organization criteria were selected.
Epigenome-Wide Association Studies
After EWAS quality controls, association analysis was performed in controls and IS samples using a were considered statistically significant for a genome-wide approach.
RESULTS
Discovery stage. Genome-wide effect of ischemic stroke on methylation status
Of the 865,859 initial CpG sites in Infinium MethylationEPIC Beadchip, a total of 358,709 (41.4%) that passed the quality controls and were common in HumanMethylation450 Beadchip were included in the discovery analysis (Table S1-2). Genome-wide DNAm analysis from whole blood was performed in the discovery sample (N=401). Clinical and demographic differences between the IS and control individuals are shown in Table 1 .
Top 500 CpG sites showing a suggestive association with methylation differences between IS and control samples were selected for replication, with an arbitrary p-value ≤ 7.1×10 -6 ( Supplementary   Table S3 ). Manhattan and QQ plots are shown in Figure 1 .
Replication stage
After applying the same quality control steps and normalization as in the discovery analysis, the validation analysis included 392 individuals (226 from MAR-2 and 166 from HVH). The characteristics of the populations included in the replication stage are shown in Table 1 Figure S1 ). Function and traits associated to the 21 loci that harbor the 22 CpGs identified are described in Supplementary Table S4 -7.
We used the GeneMANIA algorithm on the 21 candidate genes (CAMSAP3, SLC35E1, ZFHX3, PIM3, MAPK1, LRRC26, HIF1A, RNF126, SENP3, ANAPC11, PLBD2, CCNL2, PUM1, ITPKB, NAPA, IL15RA, ACSL1, JMY, PUF60, CHSY1, BAMBI) and known IS-related genes 2 . We found that our candidate genes have genetic interactions and are co-expressed with known IS genes Figure S2) . FGA and ZFHX3 are involved in the same pathway, as are HIF1A and FURIN, HIF1A and MAPK1. Shared protein domains exist between HIF1A and TWIST1, LRRC26
(Supplementary
and LRCH1, ANACPC11 and RNF126, ZFHX3 and ZNF318, and CHSY1 and ABO. CDK6 shares with MAPK1 and PIM3. Finally, there is co-localization expression of ITPKB and SH3PXD2A;
NAPA and RGS7; NAPA, RGS7, ZFHX3, and MAPK1; ZFHX3 and TBX3; and IL15RA, CASZ1, and
FOXF2.
The 22 validated CpGs include 2 CpGs in ZFHX3 loci that harbor known stroke variants. The pathway analysis showed HIF1A and MAPK1 are associated to angiogenesis (FDR p-values=0.014).
IL15RA and HIF1A are involved in inflammatory and interferon gamma response (FDR p-values=0.034). Additionally, NAPA and MAPK1 are involved in protein secretion functions (FDR p-values=0.024) ( Supplementary Table S5 ). GTEX data indicate that 20 loci (the exception being LRRC26) are expressed in blood vessels and brain (Supplementary Figure S3) . Supplementary Table S7 ).
Meta-analysis
Meta-analysis results of all 3 samples (N=793) are shown in Supplementary Table S8 . A total of 384 MVPs were significant after Bonferroni correction (multiple testing). However, 30 (7.8%) of these MVPs were only present in two samples.
The 384 significantly associated CpGs include 4 CpGs in ZFHX3, SH2B3 and WNK1 loci, which harbor known stroke variants. The traits and diseases associated to loci containing these CpGs are shown in Figure 2 . The functional analysis of the significant loci showed enrichment for genes involved in adipogenesis (FDR p-value=4.13×10 -4 ), triglyceride and lipid metabolism (FDR p-value=0.044), circadian clock (FDR p-value=0.044), and regulation of glycolysis pathway (FDR p-value=0.037) ( Supplementary Tables S9-11 ).
EWAS stratified analysis by IS subtypes
We combined the IS samples from the two Hospital del Mar samples (MAR_1 and MAR_2, N=627)
to increase the statistical power to identify MVP sites associated to IS subtypes (TOAST classification), stratified by LAA, CE, SVD, and UND. Clinical and demographic characteristics and EWAS results are shown in Supplementary Material (Table S12-16). Manhattan and QQ plots are in Supplemental Figure S4 . In the meta-analysis, UND and SVD subtypes were the main contributors of significant IS-associated CpGs (Figure 3) .
In LAA subtype, we identified 57 MVPs suggestive of statistical significance ( Supplemental Table   S13 ). There was an enrichment for genes involved in plasma high-density lipoprotein cholesterol (HDL-C) levels (FDR p-values=0.039) and nominal significance for the adipogenesis pathway (p-values=0.0023) (Supplementary Tables S17). In CE subtype, we identified 31 CpGs (Supplemental Table S14 ). The functional analysis showed the insulin signaling pathway as nominally significant (p-values=1.7×10 -3 ) (Supplementary Tables S18).
In SVD subtype, we identified 121 MVPs suggestive of association ( Supplemental Table S15 ). Enrichment analysis was significant for different traits associated to lipid metabolism (FDR p-values=0.013495) and nominally significant for adipogenous hallmark genes (p-value=0.0024) ( Supplemental Table S19 ).
In UND subtype, we identified 294 MVPs ( Supplemental Table S16 ). Enrichment analysis was significant for traits associated to inflammation (FDR p-values=0.0027) and cellular processes (Supplementary Tables S20).
The traits and diseases associated to loci that contain the suggestive CpGs associated to IS subtypes are shown in Supplementary Tables S20-S24 . Approximately 30% of these MVPs overlap with known loci having genetic variants associated to vascular risk factors (Figure 4 ).
Discussion
Novel findings in the present study include an association between IS and differentially methylated positions of 22 CpGs located in 21 loci (CAMSAP3, SLC35E1, ZFHX3, PIM3, MAPK1, LRRC26,   HIF1A, RNF126, SENP3, ANAPC11, PLBD2, CCNL2, PUM1, ITPKB, NAPA, IL15RA, ACSL1, JMY, PUF60, CHSY1, BAMBI). These CpGs are more methylated in IS than in control samples, except the one in the locus MAPK1. Two of these CpGs, cg00614832 and cg07786668, are situated in the ZFHX3 locus, a known stroke gene 2 . Pathway analysis indicated that these 21 loci are involved in inflammation and angiogenesis pathways. Additionally, they share pathways, protein domains, genetic interaction and co-expression with stroke-associated genes identified in previous GWAS studies 2 .
The repercussion of these findings in gene expression has not been studied; however, the 22 The meta-analysis identified 384 MVPs significantly associated to IS, but replication is needed to confirm these results because of possible inflation of p-values. These MVPs were enriched for genes involved in adipogenesis, triglyceride and lipid metabolism, circadian clock, and regulation of glycolysis pathway. We also identified shared MVP associations with 5 genes (SH2B3, ZFHX3, WNK1 (beside NINJ2), PCIF1, TRIM47, YAP1) previously associated to stroke, to vascular risk factors and to traits such as diabetes mellitus, coagulation, blood pressure, aortic aneurysm, body mass index, white-matter hyperintensity, and coronary heart disease 2,14-20 .
The overlap between loci containing SNPs associated to vascular risk factors and those related to stroke highlights the importance of epigenetics in identifying possible new biomarkers of stroke risk or/and new causal variants related to stroke. The question of potential independent effects of MVPs and SNPs remains to be studied. Most of the stroke risk SNPs identified are located in intergenic or intronic regions, and MVPs that were differentially methylated in the meta-analysis are located in the promoter region, making them better candidates to be the causal variant 2 .
The stratification analysis by stroke subtypes revealed distinct methylation patterns that could provide further mechanistic insights; however, replication is needed. The LAA subtype showed enrichment for genes involved in plasma HDL-C levels and adipogenesis pathway which correlates to LAA pathophysiology. Its top MVP, in the GPS2 locus, has recently been associated with obesity and diabetes mellitus, with the authors suggesting that this gene may contribute to atherogenesis 21 .
Additionally, cg17218495 is in the SMARCA4 locus, previously associated to stroke and lipid metabolism) 22, 23 . The CE analysis was enriched by genes involved in the insulin signaling pathway and adipogenous hallmark genes, while SVD analysis was enriched by genes involved in lipid metabolisms. Moreover, two MVPs were located in CNNM2, a known variant associated to blood pressure, and TRIM47, associated to white-matter hyperintensities which correlates to SVD pathophysiology 24, 25 .
DNAm can respond to changes in the environment and might mediate gene expression and phenotypes induced by prior exposure, such as glycemic exposure, a phenomenon called metabolic memory [26] [27] [28] . Based on those studies, DNAm may be one of the mechanisms involved in the metabolic memory. We only reported an association with IS traits, but cannot infer causality of these methylation changes; however, these MVPs could be causal variants, biomarkers of exposure, or stochastic changes. Further investigation is needed.
In this study, we analyzed one of the largest available series of IS patients with genome-wide methylation data. We replicated our results in two independent samples. Moreover, we identified 22
CpG sites related to IS, two of them located in the ZFHX3 locus, harboring known genetic variants associated with stroke. Stratification by stroke subtype revealed distinct methylation patterns associated to different vascular risk factors; however, these results must be replicated.
EWAS are prone to significant inflation and bias of test statistics. Neither GWAS-based methodology nor confounder adjustment methods completely remove bias and inflation 29 .
Epigenome data differ from genetic data: they are quantitative measures (whereas genotypes are discrete) that are subject to major confounding effects of batch analysis, whether technical, such as DNA extraction protocols; biological, including cellular heterogeneity; or epigenetic changes caused by the disease process itself [29] [30] [31] [32] . In our study, blood samples were collected in the acute phase of IS;
although we adjusted for stroke severity using the NIH scale in an effort to correct the residual confounding, the inflation is evident. Nonetheless, some signals were identified and others require replication.
Some limitations of the study should be considered. First, we measured DNAm in peripheral blood cells. Some authors have suggested that the methylation levels of some CpGs/regions are tissuespecific 33 , and we might have lost some signals by not choosing specific tissues that could have a higher impact in DNAm. However, other authors consider methylation patterns of whole blood a good proxy for the methylation levels from a specific site of action. Second, the cross-sectional study design precluded any inference of causality in the reported association between IS and DNAm levels.
Third, there is a lack of replication in the meta-analysis. Fourth, we cannot draw conclusions about the effect of these methylation changes in gene expression because we lack gene expression data.
DNAm changes in 22 CpGs play a role in IS pathophysiology. They may orchestrate gene expression that contributes to IS and/or offer a biomarker of IS and vascular risk factors. Further investigation is required to assess the functional effect of DNAm changes and establish causality.
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